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A B S T R A C T
The increased application of in vitro systems in pharmacology and toxicology requires cell culture
systems that facilitate the cultivation process and ensure stable, reproducible and controllable cultivation
conditions. Up to now, some devices have been developed for the cultivation of cells under submersed
conditions. However, systems meeting the requirements of an air–liquid interface (ALI) cultivation for the
special needs of bronchial epithelial cells for example are still lacking. In order to obtain in vivo like
organization and differentiation of these cells they need to be cultivated under ALI conditions on
microporous membranes in direct contact with the environmental atmosphere. For this purpose, a Long-
Term-Cultivation system was developed (CULTEX1 LTC-C system) for the computer-controlled
cultivation of such cells. The transwell inserts are placed in an incubator module (24 inserts), which
can be adjusted for the medium level (ultrasonic pulse-echosensor), time and volume-dependent
medium exchange, and frequency for mixing the medium with a rotating disc for homogeneous
distribution of medium and secretion components. Normal primary freshly isolated bronchial epithelial
cells were cultivated for up to 38 days to show the efﬁciency of such a cultivation procedure for
generating 3D cultures exhibiting in vivo-like pseudostratiﬁed organization of the cells as well as
differentiation characteristics like mucus-producing and cilia-forming cells.
ã 2015 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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The use of in vitro methods to test toxicological substances is
widely recommended by regulatory authorities and programs
like REACH (http://ec.europa.eu/environment/chemicals/reach/
reach_intro.htm) and COLIPA (http://ww.colipa.eu/) have been
introduced to enforce the development of predictive methods
instead of animal testing (Adler et al., 2011; Collins et al., 2008;
Hartung and Sabbioni, 2011; Johansson et al., 2011).
The effective use of such cellular-based test batteries depends
on suitable cell types, whereby human primary cells represent the
gold standard to compare the cellular reactions with human
clinical data. Besides the biological cell sensors, the cultivation
process to generate stable and comparable cultures, the test* Corresponding author. Fax: +49 511 56358669.
E-mail addresses: m.aufderheide@cultex-laboratories.com (M. Aufderheide),
christine.foerster@krh.eu (C. Förster), morris.beschay@evkb.de (M. Beshay),
detlev.branscheid@evkb.de (D. Branscheid), m.emura@cultex-laboratories.com
(M. Emura).
http://dx.doi.org/10.1016/j.etp.2015.10.001
0940-2993/ã 2015 The Authors. Published by Elsevier GmbH. This is an open access artic
4.0/).conditions and evaluation of the cell cultures trigger the successful
outcome of a toxicological study. The differentiation of epithelial
cells from the respiratory tract at the air–liquid interface for
example takes about a month and reproducibility as well as
comparability of the 3D constructs are associated with the stability
of the culture conditions.
For industrial routine investigations, a variety of long-term fully
automated cultivation systems have been developed, increasing
the consistency of the cultivation processes and saving labor
(Kempner and Felder, 2002). For high-throughput screening
assays, the large-scale expansion and subcultivation of cell lines
as well as the preparation of high numbers of cell cultures in
multiwell plates are required. Here, fully automated cultivation
systems with integrated pipetting robots are advantageous
(Kempner and Felder, 2002, TAP Biosystems (www.tapbiosys-
tems.com)).
The maintenance and expansion of cells or tissue-engineered
cultures under stable conditions for a long period can be
implemented in bioreactors. These systems offer the possibility
of a dynamic medium supply, pH and oxygen control and thele under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
78 M. Aufderheide et al. / Experimental and Toxicologic Pathology 68 (2016) 77–87removal of metabolic products (Kasper et al., 2007; Abaci et al.,
2012). Furthermore, the agitation of the cell culture medium not
only provides optimal nutritional and environmental conditions,
but also induces a mechanical stimulation enhancing growth and
differentiation of the cells (Anton et al., 2008). The types of
bioreactors range from those for suspension cultures to those for
adherent growing cells on special matrices (Abbott and Kaplan,
2015; Haldankar et al., 2006; Olmer et al., 2012; Serra et al., 2010;
Suck et al., 2010; Wurm, 2004). Here, rotating bioreactors have
been used for the differentiation of induced pluripotent stem cells
to pulmonary alveolar epithelial cells (Ghaedi et al., 2014; Siti-
ismail et al., 2012).
For the small-scale cultivation of cells on 3D scaffolds, there are
two automated cultivation systems (Minuth et al., 2010; Sbrana
and Ahluwalia, 2012), based on a modular concept. The cell
cultures are incubated in individual chambers which can be
connected to each other. A continuous medium supply through
each chamber leads to a constant nutrient supply and a mechanical
stimulation of the cells, simulating a more realistic microenviron-
ment.
On the basis of the transwell insert technique, another rational
approach can be realized which simulates dynamic long-term
cultures of the smallest human organ unit, functional cells.
Especially these 3D constructs can be used for in vitro exposure
studies at the air–liquid interface simulating in vivo exposure and
burden with inhalable compounds. The cells are cultivated on
microporous membranes and supplied with nutrients from the
basal side of the cells via the microporous membrane, whereas the
apical part of the cells is in direct contact with the surrounding
atmosphere (Voisin et al., 1977). Normal bronchial epithelial cells
require a differentiation phase of about 28 days. Cells are isolated
and expanded to obtain a sufﬁcient cell mass before they are
seeded on microporous membranes. After reaching conﬂuence, the
apical medium is removed and the cultivation is continued under
ALI conditions. To provide a suitable number of inserts for
comparable and also reproducible toxicological investigations,
the culture conditions should be stable and controlled to avoid
shifts in the organization and differentiation pattern of the cells.
Despite the advances made in the ﬁeld of automated cell
cultivation, there are currently no systems allowing controlled cell
growth on cell culture inserts that are suitable for air–liquid
interface cultivation—a precondition for the differentiation of
airway epithelial cells.
The manual handling of cell cultures grown on transwell inserts
is a time-consuming task, whereby a variety of factors can interfere
with the establishment of fully differentiated 3D constructs: (1)
deviations in the adjustment of the medium level resulting inFig. 1. CULTEX1LTC-C effects on the integrity of cell layers under ALI conditions, and (2) a
static medium leads to variations or a gradient in nutrients and pH
values throughout the cultivation period, and ﬂuctuations in
temperature, humidity and CO2 content due to the frequent
handling of the incubator.
In order to overcome the difﬁculties of manual cultivation, a
dynamic and stable cultivation system, the CULTEX1 LTC-C
module, was designed for the computer-controlled long-term
cultivation of air-lifted cultures.
The components and functional aspects of the incubation
system are presented as well as the histopathological results of
primary normal human bronchial epithelial cells cultivated in the
module to establish fully differentiated 3D constructs for use in
further investigations.
2. Material and methods
2.1. CULTEX1 LTC-C module
The CULTEX1 LTC-C (long term cultivation—continuous)
module was designed especially for 3D cultures to be grown at
the air–liquid interface (ALI). The cells are supplied by a computer-
controlled system with medium from the basal site of the contact
substrate (microporous membrane) at different time intervals over
prolonged periods of time (weeks). The medium exchange can be
controlled in terms of frequency, volume and circulation intensity.
The newly developed components of the system and their
function are described in Section 3.
2.2. Cell isolation and cultivation
2.2.1. NHBE cells
Normal human bronchial epithelial (NHBE048) cells were
isolated from a healthy tissue sample derived from a 75-year-old
male patient with a non-small cell lung cancer (NSCLC) after
lobectomy (Bielefeld Evangelical Hospital, Bielefeld, Germany). In
accordance with the Declaration of Helsinki, the subject gave his
informed consent to the research use of the lung tissue samples
removed. In our studies, we were especially interested in the
anatomical region of bronchioles which, in comparison to other
regions of the airways, is characterized by a greater amount of
stem/progenitor cells differentiating to Club cells with potent
drug-metabolizing capacity (Emura et al., 2015).
A small piece of the surgical specimen was dissected for ﬁxation
in 10% formalin in order to control the tissue integrity and vital
state of the cells in histological sections. Upon arrival in our
laboratory, the bronchiole samples were incubated for 24 h at 4 Cincubator module.
Fig. 2. Connection of the CULTEX1LTC-C incubator module to the control unit.
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containing dithiothreitol (0.5 mg/mL), DNase (10 mg/mL) and
antibiotics (40 mg/mL tobramycin, 50 mg/mL vancomycin, 50 mg/
mL ceftazidime, 2.5 mg/mL amphotericin B, 50 U/mL penicillin/
streptomycin)). Afterwards, the samples were transferred into a
Petri dish containing phosphate-buffered saline (PBS), isolated
from residual parenchyma and cut into smaller pieces ofFig. 3. Detailed view of thapproximately 8  5 mm. The bronchiole pieces were then placed
into cryovials, containing DMEM with 10% FCS and 10% DMSO and
frozen to 80 C. After storage at 80 C overnight, the vials were
moved to a liquid nitrogen tank and stored until needed.
For cell isolation, the samples were thawed in a water bath at
37 C, transferred into Petri dishes and rinsed with PBS after
removal of the freezing medium. Incubation medium containinge incubator module.
Fig. 4. Section through incubator module, detailed view of supporting components of the system.
80 M. Aufderheide et al. / Experimental and Toxicologic Pathology 68 (2016) 77–870.1% protease XIV was added and the samples were incubated for
2 h at 4 C on a rocking platform. Afterwards, bronchial epithelial
cells were isolated by scraping the luminal surface of the
bronchiole pieces with a scalpel. The cell suspensions were
homogenized, pipetted into centrifugation tubes and centrifuged
for 10 min at 170  g. The resulting cell pellets were resuspended in
4.5–9 mL AEGM medium. The cell suspensions of each sample were
then equally divided into two collagen IV/ ﬁbronectin coated wells
of a 6-well plate to grow in culture. After the ﬁrst passage, NHBE
cells were cultivated in collagen IV/ ﬁbronectin coated culture
ﬂasks using AEGM medium.
After reaching 80–90% conﬂuence, the cells were seeded on
collagen IV coated cell culture inserts (seeding density: 1–
1.5 105 cm2). The cells were cultivated under submersed con-
ditions and supplied with AEGM medium until reaching 100%
conﬂuence, before the apical medium was removed and the basal
medium replaced by 500 mL differentiation medium (Pneuma-
CultTM ALI, STEMCELL Technologies, Inc. on Biocompare.com,Fig. 5. Liquid handling (LH) module with the peristaltic pumpCanada). After 10 days of cultivation at the air–liquid interface, the
cells were transferred to the exposure module. Then the cultures
were cultivated for up to 38 days. At the end of the experimental
phase, the cultures were analyzed for their differentiation capacity
based on HE- and immunostained histological sections.
In parallel, cultures were cultivated air-lifted under conven-
tional cell-speciﬁc conditions in an incubator over the same time
period. The medium was changed daily. At the end of the
cultivation period, the 3D constructs were analyzed for their
differentiation capacity based on HE- and immunostained
histological sections.
PBS, penicillin/streptomycin, and DMEM were purchased from
Biochrom (Cambridge, UK) and AEGM medium from Promocell
(Heidelberg, Germany). All other cell culture reagents were
purchased from Sigma Aldrich (St. Louis, MO, USA).
The cell cultures were placed in the CULTEX1 LTC-C at different
positions to ensure uniformity in growth and differentiation
throughout the module. The medium exchange/circulation ratess for medium supply and waste and the heat exchanger.
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medium was mixed by a rotating disc (see Section 3) every 6 h for
40 s at a rotation speed of 3 rpm.
Cultures cultivated under air-lifted conditions in the incubator
(incubator control) were used to compare dynamic with static
cultivation.
2.2.2. Histopathological analysis
2.2.2.1. HE staining. For histopathological staining, the cell culture
inserts were removed from the CULTEX1 LTC-C module and
subsequently ﬁxed with 10% formalin for 1 h. Control cultures were
processed at the same time as exposed cultures. Following the
ﬁxation, the membranes were washed twice with water, released
from the inserts and embedded in parafﬁn. Using a microtome,
sections of 5 mm thickness were prepared, beginning at the middle
of the membrane. After deparafﬁnization, sections were stained
with hematoxylin and eosin.
2.2.3. Immunohistochemistry
Prior to the immunohistochemical staining, a Heat Induced
antigen (Epitope) Retrieval (HIER) was performed, to break cross-
links often caused by formaldehyde ﬁxation, which mask the
antigenic sites of the proteins (antibody binding sites). The sections
are boiled in sodium citrate buffer at pH 6.0 or alternatively in Tris/
EDTA buffer at pH 9.0. The Heat Induced antigen (Epitope) Retrieval
was performed according to the following procedure:
Histological sections of the parafﬁn-embedded cell cultures
were prepared and deparafﬁnized. For the immunohistochemistry,
poly-L-lysine coated microscope slides were used. Before starting, a
water bath was heated to 97 C and an appropriate number of
Coplin staining jars were ﬁlled with 55–60 mL of the respective
buffer. One to two slides were placed into each jar and as much
space as possible was left between the sections to guarantee
uniform heating. The jars were placed in the preheated water bath
(97 C) and incubated for 10 min. Afterwards, the caps of the Coplin
staining jars were removed and the buffer was cooled down to
room temperature by placing the jars in a cold water bath
(incubation for approximately 30 min). The buffer was discarded
and the slides rinsed under running tap water for 1 min and stored
in distilled water until starting the following procedure.
2.2.4. Immunohistochemical staining:
The NovoLinkTM Polymer Detection System provided by Leica
Microsystems, UK, was used for immunohistochemistry following
the manufacturer’s protocol. This kit was speciﬁcally designed for
immunostaining analyses on formalin-ﬁxed, parafﬁn-embedded
histological sections.
In order to increase the throughput, the Shandon CoverplateTM
Technology (Thermo Scientiﬁc, Germany) was used for immuno-
histochemical analyses. Here, the microscope slides are placed into
the plastic cover plates, leaving only a small gap between the slides
and the cover plate housing. This gap is sequentially ﬁlled with the
reagents and buffers used for the immunohistochemical proce-
dure. The liquid stays in the gap by capillary attraction until it is
replaced by the next reagent. The cover plates are placed into slide
racks, each holding 10 slides. The Shandon CoverplateTM Technol-
ogy (Thermo Scientiﬁc, Germany) saves reagents and protects the
histological sections during the staining procedure.
The following antibodies were used: rabbit anti-p63 monoclo-
nal, rabbit anti-MUC5AC and rabbit anti-MUC5B antibodies were
purchased from Santa Cruz Biotechnology (USA).
The microscopic evaluation was performed with a light
microscope (Axiophot, Carl Zeiss, Germany) and a microscope
camera (Axiocam, Carl Zeiss, Germany).3. Results
3.1. CULTEX1 LTC-C module
The computer-controlled CULTEX1 LTC-C (long term cultiva-
tion—continuous) module was especially designed to supply 3D
cultures grown at the air–liquid interface with medium at different
time intervals over prolonged periods of time (weeks). The
medium exchange can be controlled in terms of frequency and
volume, inﬂuencing the mechanical stimulation of the cells. In
order to achieve a homogeneous distribution of the nutrients
within the incubation chamber, the medium can be mixed by a
rotating disc with adjustable circulation conditions..
The basic setup is composed of the incubator module and the
control unit. The incubator module (Fig. 1) can hold up to 24 cell
culture inserts (growth area 1 cm2) and is operated under cell-
speciﬁc conditions in an incubator. It is connected to the control
unit via two medium tubes (medium supply and waste) and two
electric connectors for the control unit (Fig. 2), which is placed
outside the incubator. Besides a programmable logic controller
(PLC), the control unit contains pumps for medium supply to and
from the incubator module. A pre-heating system warms the cell
culture medium before entering the cultivation module.
The pumps are located inside the control unit in a sliding
cassette, the LH module (LH = liquid handling), ensuring easy
accessibility for maintenance and sterilization.
An integrated web server allows the tracking of procedures and
data on a web browser, e.g.,via a laptop computer. The system can
also be regulated via the web browser, but the computer itself does
not perform any control tasks, so that maintenance of the cell
cultures continues even if the computer operating system breaks
down.
3.2. Incubator module
Fig. 3 shows a detailed view of the incubator module, composed
of the sample uptake and supply modules. The sample uptake
module consists of the cover plate, the insert holder plate and the
sensor holder. The supply module provides, besides the medium
supply, an air bubble precipitator to avoid the transportation of air
bubbles into the insert holder plate. Furthermore, the ultrasonic
sensor for adjusting the medium level is integrated into the supply
module. All components except the supply module can be
autoclaved at 121 C.
A cross section through the CULTEX1 LTC-C module gives an
overview of the functional components of the system (Fig. 4).
The sample uptake module has a medium inlet and outlet in its
base. A rotating mixing disc with hole-like recesses below the cell
culture inserts can be adjusted with regard to rotation speed and
frequency to ensure a homogeneous mixture of existing and fresh
medium after a partial medium exchange, or simply to induce
mechanical stress. A position sensor in the supply module, which
recognizes the holes in the mixing discs, stops the rotation at a
deﬁned position. In this way, the holes in the rotation disc are
positioned directly below the inserts, resulting in a comparable
medium level below the cell culture inserts. A temperature sensor
in the supply module monitors the medium temperature.
An ultrasonic sensor measures and adjusts the medium ﬁll
level. Fresh medium is ﬁrst directed through the bubble
precipitator before it enters the sample uptake module in order
to avoid bubbles in the medium.
3.3. Control unit
The control unit houses the liquid handling module and the
computer-assisted control system.
Fig. 6. Main control software to adjust medium exchange, level, mixing and temperature.
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inside the control unit. The main components of this module are
two peristaltic pumps for medium supply and waste removal, a
heat exchanger as well as a leakage sensor (Fig. 5). The medium
reservoir is located in a small refrigerator outside the control unit
to avoid decomposition of medium components. Before fresh
medium is pumped into the insert holder plate, it will be preheated
to 37 C by passing through a metal coil warmed up in a small water
reservoir inside the heat exchanger. In the warming process, the
temperature is measured by two temperature sensors to avoid
medium overheating (T > 37 C) or damage of the control unit.
All parts in contact with cell culture medium can be removed
and autoclaved at 121 C.
The computer-assisted control system includes a variety of
functions for the automatic run of the air-lifted 3D cultures. Fig. 6
shows the main window of the control software. Here, the most
important features can be monitored.
These comprise the automatic medium supply (on/off),
adjustment of the medium level (including deviation), the
temperature and the remaining time to the next medium exchange
and circulation. Subfolders can be accessed to control and adjust
more features, such as the medium exchange frequency or the data
recording.
In total up to 4 CULTEX1 LTC-C modules can be placed in an
incubator for the generation of comparable 3D constructs
composed of normal primary bronchial epithelial cells (Fig. 7).3.4. 3D constructs
Primary cultures of isolated bronchial epithelial cells of the
human respiratory tract are very challenging with regard to culture
conditions (air–liquid interface (ALI) cultures) and medium
composition to develop a pseudostratiﬁed tissue equivalent with
basal, cilia-bearing and mucus-producing cells. Accordingly, the
cultivation of such cell cultures in the CULTEX1 LTC-C module
should provide a good example of the efﬁciency of the system
concerning the stability and reproducibility of the culturing
process. For this purpose, normal bronchial epithelial cells from
a healthy tissue sample derived from a 75-year-old patient with a
non-small cell lung cancer were isolated after lobectomy and
cultivated. After establishing air-lifted culture conditions, the
inserts were transferred into the long-term module for dynamic
and continuous computer-controlled cultivation. At different
sampling points, the cultures were removed and histological
sections of the 3D constructs prepared. The samples were stained
with hematoxylin/eosin and additional immunohistochemical
investigations should provide insight into the growth and
differentiation status of the cultures.
Fig. 8 shows histological sections of HE-stained 3D cultures
collected after a total cultivation time of 28 and 38 days from the
CULTEX1 LTC-C module. All cultures are characterized by a
pseudostratiﬁed growth with a pronounced number of cilia-
bearing and mucus-producing cells independent of the insert
position (data not shown). Cultures cultivated air-lifted in the
incubator (static cultivation) show a comparable differentiation
Fig. 7. View inside an incubator housing 4 CULTEX1 LTC-C modules, which can be controlled separately by external control units with regard to cell-speciﬁc growth
conditions.
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under computer-controlled conditions.
Cultures under static as well as dynamic culture conditions
showed a high number of p63 positive cells (basal cells) which
could be observed mainly in the basal cell layers of the cell
population (Fig. 9). The immunohistochemical analysis also
demonstrated that the secreting cells are composed of MUC5AC
as well as MUC5B producing cells (Figs. 10 and 11). In comparison
with the incubator control cultures, the extent of differentiation
was more pronounced in the cultures grown under computer-
controlled conditions.
The results show that the CULTEX1 LTC-C module can be
applied for the dynamic long-term cultivation of differentiated
primary bronchial epithelial cells. Under deﬁned culture con-
ditions, a pseudostratiﬁed phenotype can be observed, showing
further in vivo-like differentiation characteristics like mucus
production and cilia formation. In contrast to the conventionally
grown incubator control (Fig. 8), the cultivation conditions in the
CULTEX1 LTC-C support the growth of the cells and promote the
development to an in vivo-like pattern.
4. Discussion and conclusions
In the ﬁeld of inhalation toxicology, the ALI cultivation
technique combined with specially designed exposure units for
exposing air-lifted cultures directly at the air–liquid interface
opens up new avenues for analyzing airborne material in
simulating the in vivo situation. A precondition for such testing
procedures are comparable cultures grown under reproducible and
stable conditions. The generation of differentiated 3D cultures of
normal human bronchial epithelial cells is a time- and labor-
intensive procedure, especially when providing a large number ofcell cultures for toxicological investigations. Here, the integration
of an automated computer-controlled cultivation system offers the
possibility of labor-saving without compromising the quality of the
cultures. Computer-controlled cultivation systems play a signiﬁ-
cant role by increasing the quality and reliability of the cultivation
process for the generation of comparable and reproducible cell
cultures. A variety of systems have been developed so far, but
systems designed for the special requirements of cells grown at the
air–liquid interface are lacking.
Cultex Laboratories GmbH has developed a special module for
the computer-controlled long-term cultivation of airway epithelial
cells at the air–liquid interface. We tested the CULTEX1 LTC-C
module for its suitability to cultivate normal human bronchial
epithelial cells (NHBE) over a period of up to 38 days. The cell
cultures were analyzed for their differentiation capacity in
comparison with cells grown under conventional static conditions.
Our experiments have shown that bronchial epithelial cells can
be cultivated at the air–liquid interface in the CULTEX1 LTC-C over
a prolonged period. Pseudostratiﬁed structures as well as other in
vivo-like differentiation characteristics could be found. Especially
primary bronchial epithelial cells showed a mucociliary differen-
tiation pattern comparable to the in vivo situation.
By means of histological staining we could prove that culture
conditions areuniformwithin the module andreproduciblebetween
independent cultivations. Although cell viability was found to be
comparable between cell cultures grown under static (incubator) or
dynamic (CULTEX1 LTC-C) culture conditions, histological sections
showed an improved pseudostratiﬁed phenotype and an unim-
paired cell layer in dynamically cultivated cells.
In conclusion, the CULTEX1 LTC-C module provides a platform
to cultivate airway epithelial cells at the air–liquid interface for
prolonged cultivation periods. The computer-controlled system
Fig. 8. Sections of the same surgical specimen that provided the cells used for the current 3D cultures, showing no neoplastic lesion (original tissue). 3D cultures of primary
bronchial epithelial cells incubated in parallel under conventional static conditions in the incubator (IC) and in the CULTEX1 LTC-C module for 28 or 38 days. HE stain.
Magniﬁcation: 630.
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Fig. 9. 3D cultures of primary bronchial epithelial cells stained with anti-p63 antibody, which have been incubated under conventional conditions in the incubator (IC) for
28 days or in the CULTEX1 LTC-C module for 28 or 38 days. Magniﬁcation: 630.
Fig. 10. 3D cultures of primary normal bronchial epithelial cells stained with anti-MUC5AC antibody, which have been incubated under conventional conditions in the
incubator (IC) for 28 days or in the CULTEX1 LTC-C module for 28 or 38 days. Magniﬁcation: 630.
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Fig. 11. 3D cultures of primary normal bronchial epithelial cells stained with anti-MUC5B antibody, which have been incubated under conventional conditions in the
incubator (IC) for 28 days or in the CULTEX1 LTC-C module for 28 or 38 days. Magniﬁcation: 630.
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eliminating process variability. Thus, stable and reproducible cell
cultures with in vivo-like phenotype can be generated for use in
inhalation toxicological studies.
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